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Development of a population specific regression equation to estimate
total body water in hemodialysis patients. We have previously shown that
the impedance index (height corrected resistance) is a valid and reliable
correlate of total body water (TBW) in hemodialysis patients. We
estimated TBW by single frequency bioelectrical impedance analysis(BIA) in 3009 in-center hemodialysis patients, and developed an ESRD-
specific TBW equation from routinely available demographic and anthro-
pometric variables. The mean SD age was 60.5 15.5 years; 47% were
female, 47% African-American, and 36% diabetic. Dialysis duration was
3.8 3.7 years. Mean TBW was 40.8 9.3 kg, 56 9% of body weight.
A stepwise linear regression equation was fit on a two-thirds random
sample, deriving significant parameter estimates for the variables age,
gender, height, weight, diabetic status, weight squared, and the cross-
products of age and gender, age and weight, gender and weight, and height
and weight. The equation was then validated in the remaining one-third
sample, and compared with TBW estimates by the Watson and Hume-
Weycr formulae. TBW estimated by our equation (40.6 8.6 kg) was not
significantly different from the BIA TBW (40.5 9.3 kg). In contrast,
TBW estimated by the Watson (37.0 7.6 kg) and Hume-Weyer (37.9
7.7 kg) formulae underestimated TBW by a mean of 3.5 and 2.6 kg,
respectively. A population-specific equation provides superior prediction
of TBW in hemodialysis patients. The use of formulae developed and
validated in non-uremic populations may result in underestimates of TBW
in patients with ESRD, and potentially, overestimates of dialysis dose
approximated by the clearance-time to TBW ratio (Kt/V).
computer-assisted three- or two-point urea kinetics [31. The most
simple method incorporates an unadjusted fraction of the total
body wt between 55 and 60% (usually 58%). Most practitioners
utilize one of several available regression equations derived from
non-uremic, healthy populations. These incorporate age, gender,
height, and weight, and are more accurate and precise than are
fractional weight methods. However, these equations have not
been formally validated in the ESRD population, nor have their
performance characteristics been compared with a population-
specific formula.
Numerous investigators have shown that TBW can be accu-
rately and reliably estimated using the impedance index (height-
adjusted resistance) by bioelectrical impedance analysis (BIA)
[—71. We have recently shown BIA to be a valid and reliable
method of TBW assessment in maintenance hemodialysis pa-
tients, using deuterium oxide dilution as the criterion standard
TBW measurement {8J. As part of a cross-sectional analysis of
more than 3,000 hemodialysis patients, we sought to compare a
new predictive equation for TBW derived from a representative
cohort of hemodialysis patients with two widely-used TBW for-
mulae (after Watson and Hume-Weyer) derived from healthy
adult populations.
Accurate estimation of total body water (TBW) is critical in
many pathophysiologic states, as clinical signs and symptoms of
volume dysregulation complicate a variety of medical and surgical
conditions. Furthermore, the disposition of electrolytes, enteral
and parenteral nutrition, and selected drugs depends largely on
the size and distribution of the TBW space. As the majority of
TBW resides in the skeletal muscle, TBW may serve as a proxy for
somatic protein stores [1].
In end-stage renal disease (ESRD), TBW is of additional
importance, as it approximates the volume of distribution of urea.
An estimate of TBW is frequently used to calculate the clearance
time-product (Kt) to volume (V) ratio, a marker of dialysis
adequacy. This ratio can be misinterpreted if V is over- or
underestimated [21. Several means of estimating the urea volume
of distribution are commonly used. The formal method uses
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Methods
Study subjects
Study subjects were selected from 101 free-standing Fresenius
Medical Care, Inc.-affihiated dialysis units across the United
States. A single BIA was performed before a mid-week dialysis
session (Wednesday or Thursday) during the first half of 1995.
Persons aged below 18 years or with an amputation above the
transmetatarsal site were excluded from participation. The resis-
tance and calculated TBW obtained on each patient were merged
with the Patient Statistical Profile, a database with selected
demographic, historic, and laboratory information on patients
cared for at Fresenius Medical Care, Inc.-affiliated dialysis facil-
ities [91.
Bioelectrical impedance analysis
Briefly, an inner electrode was attached to the dorsal surface of
the wrist on the arm without an arteriovenous fistula or graft. An
outer electrode was placed on the dorsal surface of the third
metacarpal bone. A second pair of electrodes was positioned on
the anterior surface of the ipsilateral ankle and the dorsal surface
of the third metatarsal bone 4j. A single frequency low-amplitude
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imperceptible current (800 mA at 50 kHz) was introduced via the
electrodes on the hand and foot. The voltage drop was detected by
the electrodes at the wrist and ankle. The procedure was per-
formed in five minutes or less. The bioelectrical impedance
analyzer used in this study (BIA Quantum; RJL Systems, Clinton
Twp., MI, USA) vectored the impedance signal [Z, in ohms (1)]
into resistance (R, l) and reactance (Xc, fl) as a direct series
measurement. Total body water was estimated using the height
adjusted resistance (Ht2/R).
Anthropometric formulae
Total body water estimated by the Watson [10] and Hume-
Weyer [11] formulae were calculated (age in years, height in cm,
weight in kg).
Watson
Male: TBW = 2.447 — (0.09156 age) + 0.1074 height)
+ (0.3362 weight)
Female: TBW = — 2.097 + (0.1069 height) + (0.2466 weight)
Hume- Weyer
Male: TBW = (0.194786 x height) + (0.296785 X weight)
— 14.012934
Female: TBW = (0.34454 >< height) + (0.183809 >< weight)
— 35.270121
The Watson TBW, Hume-Weyer TBW, and our predicted
TBW were compared with TBW estimated by BIA. These three
formulae were then compared with criterion standard TBW
values obtained by deuterium oxide dilution [12] in an indepen-
dent sample of 33 patients reported previously [8].
Statistical analysis
Continuous variables, expressed as mean SD, were compared
with Student's t-test and analysis of variance using general linear
models. Scheffe's test was used for pairwise comparisons. Corre-
lation among variables was described with the Pearson product
limit coefficient. A two-thirds random sample (derivation set, N
1998) was used to derive a linear regression equation using the
baseline variables age, gender, race, diabetic status, height, and
weight. Polynomial terms for continuous variables and multipli-
cative interaction terms were considered in the model building
process. Stepwise selection was employed, using entry and exit
criteria of P < 0.01. Models were compared with total and partial
R2, Mallow's c(p), root mean square error (MSE), and Bland-
Altman plots [13, 14]. The final model was fit on the remaining
one-third sample (validation set, N = 1011). Significance was
conservatively defined at P < 0.01 to limit a-error and over-fitting.
Statistical analyses were conducted using SAS (SAS Institute,
Cary, NC, USA).
Results
Baseline demographic and anthropometric characteristics of
study subjects are outlined in Table 1. Total body water estimated
by BIA was 40.8 9.3 kg (interquartile range 33.8 to 46.8 kg),
Table 1. Baseline characteristics of study subjects
Age years 60.5 15.5
Gender % female 47.2%
Race/ethnicity
Caucasian 45.4%
African-American 46.9%
Hispanic 6.5%
Other 1.2%
Dialysis duration years (range) 3.8 3.7 (< ito 27.3)
Diabetes % 36.5%
Height cm 167.0 11.3
Weight kg
Quetelet's index kg/m2
74.3 18.5
27.3 2.0
Resistance fl 497.7 99.2
Data are mean SD.
corresponding to 55.8 8.8% of body wt (interquartile range 50
to 62%).
Total body water was significantly associated with age, gender,
race, and diabetes on bivariate analysis. There was a reverse
U-shaped relation between age and TBW (39.6 8.7, 43.2 9.3,
44.4 9.8, 43.0 9.8, 40.0 8.8, 38.6 8.4, and 37.0 7.6 kg,
for ages less than 30, 30 to 39, 40 to 49, 50 to 59, 60 to 69, 70 to
79, and 80 or more years, respectively, P < 0.0001 for linear and
quadratic terms), with TBW trending downward after age 50.
Total body water was significantly larger in men than women
(46.2 8.2 vs. 34.8 6.1 kg, P < 0.0001), and accounted for a
larger proportion of body wt (59.7 7.0% vs. 51.5 8.5%, P <
0.0001). Race was significantly related to TBW. African-American
individuals had the largest total body water (41.6 9.5 vs. 40.4
9.0 kg for Caucasians, 39.0 8.8 kg for Hispanics, and 37.2 10.1
for other races or ethnicities; ANOVA P < 0.0001, African-
Americans significantly different from Caucasians and Hispanics,
Scheffe P < 0.05; no other comparisons were significantly differ-
ent) along with the smallest proportion of body weight as TBW
(55.2 9.2% vs. 56.3 8.3% for Caucasians, 56.5 8.3% for
Hispanics, and 56.9 8.9% for other races or ethnicities;
ANOVA P = 0.005, Schefl'e P < 0.05, African-Americans signif-
icantly different from Caucasians). Total body water was signifi-
cantly larger in persons with diabetes than in those without
(41.4 9.2 vs. 40.4 9.3, P < 0.005), although the proportion of
body weight as TBW was significantly smaller in diabetic individ-
uals (54.0 8.6% vs. 56.9 8.7%, P < 0.0001).
Linear regression analysis
Derivation set. We fit a linear regression equation using TBW
estimated by B1A as the dependent variable, testing the associa-
tions among age, gender, race, diabetic status, height, and weight,
to develop a new population-specific equation for TBW. The
model was fit on a two-thirds random sample, yielding the
parameter estimates noted in the equation below (with standard
errors displayed in Table 2).
Age was inversely correlated with TBW, more so in men than
women, and less so in heavier individuals of both genders. The
squared term of age was unrelated to TBW after adjustment for
other model covariates. Total body water was increased in men
compared with women as a function of increased weight; ad-
vanced age in men was associated with a relative loss of TBW.
Race or ethnicity was not a significant predictor of TBW after
adjustment for age, gender, height, and weight, regardless of its
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Table 2. Linear regression equation for total body water
Variable f3 SE P Comment
Age
Gender
Height
Weight
Diabetes
Weight2
Age >< gender
Gender >< weight
Age X weight
Height X weight
N = 1998, derivation set, model R2 = 0.85, Mallow's c(p) = 6.0, root MSE 3.58.
For best point estimate of TBW:
TBW =
—0.07493713 age — 1.01767992 male + 0.12703384 . height — 0.04012056 weight + 0.57894981 diabetes
— 0.00067247 weight2 — 0.03486146 (age male) + 0.11262857 (male weight)
+ 0.00104135 (age weight) + 0.0186104 (height weight)
or otherwise expressed (by parameter) as:
TBW = height• (0.0186104 weight + 0.12703384) + weight• (0.11262857 male + 0.00104135 age — 0.00067247 weight
— 0.04012056) — age (0.03486146 male + 0.07493713) — male 1.01767992 + diabetes 0.57894981
designation (individual races, white, non-white, etc.). Diabetes
was independently associated with an increase in TBW. Height
was directly correlated with TBW, more so with increasing weight.
The relation between weight and TBW was complex. Weight was
directly correlated with TBW as a function of height in both
genders, and (independently) directly correlated with TBW
among men. There was also a direct correlation of weight with
TBW as a function of age. A negative coefficient for the quadratic
weight term (—6.72 X 10) confirmed an independent reverse
U-shaped relation between weight and TBW.
No additional interactions met the prespecified level of statis-
tical significance. Model R2 was a robust 0.85, suggesting that 85%
of the variability in TBW could be explained by the model
covariates and specified interactions.
Validation set. The regression equation (Table 2) was then
tested in the one-third random sample excluded from the deriva-
tion set, and compared with the Watson and Hume-Weyer
formulae. Total body water by BIA was 40.5 9.3 kg.
The three regression equations were strongly correlated with
BIA TBW (Chertow et al, r = 0.923, P < 0.0001; Watson, r =
0.905, P < 0.0001; and Hume-Weyer, r = 0.918, P < 0.0001). The
corresponding model root mean square errors (MSE) were 3.57,
3.97, and 3.69, respectively. Total body water estimated by our
equation (40.6 8.6 kg) was not significantly different from TBW
estimated by BIA (mean difference + 0.14 kg, P = 0.21). In
contrast, the Watson formula (37.0 7.5 kg) and the Hume-
Weyer formula (37.8 7.7 kg) significantly underestimated TBW
by a mean of 3.5 and 2.6 kg, respectively (P < 0.0001 for both
comparisons with BIA TBW). The Watson formula underesti-
mated TBW in 837 (83%) cases, and the Hume-Weyer formula in
760 (75%) cases. Our equation underestimated TBW in 448
(44%) cases. A "perfect" regression equation would under- and
overestimate the dependent variable in approximately 50% of
cases, with a narrow range of error. The 10%, 90% prediction
limits fur our equation were —4.4 to 4.3 kg. The corresponding
prediction limits were —8.7 to 1.1 kg (Watson) and —7.5 to 1.9
(Hume-Weyer).
Bland-Altman plots were created for each of the three formulae
compared with TBW by BIA (Fig. 1 A—C). In this approach, the
difference between the measurements (BIA TBW — anthropo-
metric TBW) is plotted against the average of the measurements
(BIA TBW + anthropometric TBW divided by 2) to investigate
whether the residual or difference scores are influenced (biased)
by the magnitude of TBW. Graphically, one can appreciate that
the Watson formula in particular tends to underestimate TBW at
large values. To quantitate the degree of bias in the three
formulae, we compared the correlation coefficients of the respec-
tive residuals and averages (that is, a straight line fit through the
Bland-Altman plot). The line was closest to zero and parallel (that
is, perfect agreement with no bias) with the Chertow et al formula
(r = 0.20). There was a greater degree of bias with both the
Watson (r = 0.43) and Hume-Weyer (r = 0.43) formulae.
In an effort to determine whether our equation was overparam-
eterized, and whether a less complex equation could deliver equal
or near equal predictive performance, we fit a linear regression
equation using only those variables incorporated into the Watson
and Hume-Weyer formulae (age, gender, height, and weight),
with rio interactions. The model R2 (0.83) and root MSE (4.08)
were not appreciably different from the larger model, although
Mallow's c(p) was substantially larger (598 compared with 6). The
mean TBW estimate from this modified formula was not signifi-
cantly different from TBW estimated by BIA (mean difference
—0.10 kg,P = 0.43). The 10% to 90% prediction limits were —5.1
to 4.8 kg, somewhat wider than the more complex formula.
Moreover, Figure ID shows that the equation, fit without the
diabetes or the specified interaction terms, suffers from the same
bias as the Watson formula, that is, relative underestimation at
larger TBW values. The degree of bias in this equation (r =0.36)
was comparable with the Watson and Hume-Weyer formula.
Re-validation
We re-validated our equation in an independent sample of 33
hemodialysis patients who had previously undergone direct mea-
surement of TBW by deterium oxide dilution at our clinical
research center. Total body water by deuterium oxide dilution was
40.6 10.3 kg. Predicted TBW by our equation (41.6 9.7 kg)
—0.07493713 0.02158686 0.0005 year
—1.01767992 1.10955890 0.36 M = 1,F = 0
0.12703384 0.01222058 <0.0001 cm
—0.04012056 0.02663145 0.13 kg
0.57894981 0.17266128 0.0008 Yes 1, No = 0
—0.00067247 0.00016636 <0.0001 Polynomial
—0.03486146 0.01107725 0.002 Interaction
0.11262857 0.00980074 <0.0001 Interaction
0.00104135 0.00030456 0.0006 Interaction
0.00186104 0.000 19247 <0.000 1 Interaction
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was not significantly different from the criterion standard (P =
0.16). As in our larger sample, the Watson (39.5 10.6 kg) and
Hume-Weyer formulae (37.8 8.6) underestimated TBW, al-
though only the Hume-Weyer formula was significantly different
(P < 0.001) from deuterium oxide TBW in this sample. Bland-
Altman plots were again created, in this case using TBW by
deuterium oxide as the criterion measurement, and showed the
least degree of bias with the our anthropometric formula (data
and graphs not shown).
Discussion
To our knowledge, this cross-sectional analysis represents the
largest experience to date with BIA in hemodialysis patients. Our
initial work demonstrated that TBW estimates by BIA were
reliable (coefficient of variation 2.4%) and valid (slope and
intercept of regression equation with TBW from deuterium oxide
not significantly different from 1 and 0, respectively) in this
population [8]. We therefore sought to derive a regression
equation for TBW in hemodialysis patients based on routinely
available demographic (age, gender, race, diabetic status) and
anthropometric (height, weight) variables and their interactions.
Reliable, valid, and accurate estimates of TBW could ideally be
used by the nephrologist, nurse, or dietitian in the assessment of
"thy" body weight and nutritional status, and in the prescription of
dialysis by urea kinetic modeling.
Several specific findings from the analysis warrant mention.
After adjustment for weight and other covariates, the relation
between age and TBW was inverse and linear, corresponding to a
gradual decrease in TBW with increasing years of age. This
finding is consistent with the known reduction in muscle mass that
accompanies aging [15j. Although African-American race was
associated with increased TBW on bivariate analysis, race was not
a significant predictor of TBW in the multivariate regression
equation. The race effect could be otherwise explained by con-
founding variables present in our dataset (that is, African-Amer-
ican subjects were significantly younger, taller, and heavier than
their non-African-American counterparts). Diabetes was inde-
pendently associated with TBW, suggesting a disease-specific
effect, possibly related to peripheral neuropathy and hypotension
during dialysis precluding optimal ultrafiltration, or to a manifes-
tation of associated heart disease. The reverse U-shaped relation
between weight and TBW, adjusting for other covariates, suggests
that persons at both extremes of body composition (very lean and
obese) have proportionately less TBW, presumably due to loss of
muscle mass in light, lean individuals, and excess adipose tissue in
heavy, obese individuals. The significant interaction between
gender and weight, with male subjects demonstrating a dispropor-
tionate increase in TBW with increasing weight, also suggests that
muscle mass in large part determines TBW, and that TBW may
indeed be a reasonable proxy for the somatic protein mass. This
contention is further supported by the interaction between height
and weight, as increased weight without increased stature (that is,
obesity) was not associated with increased TBW, findings consis-
tent with the known low-water content of adipose tissue.
There are several potential limitations to this study. First, the
dependent variable (TBW) was estimated using BIA rather than
deuterium oxide or another criterion standard dilution method.
Practically, it would not be feasible to perform isotope dilution
studies on 3009 subjects because of prohibitive cost, and it would
be difficult to standardize specimen handling and biochemical
analysis from 101 clinical sites. Without a large sample size, we
would have been unable to perform multivariate analysis, or to
explore polynomial and multiplicative interaction terms. Second,
A
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Fig. 1. Vertical axis is difference between BIA total body water (TBW) and
anthropometric TBW. Horizontal axis is average of BIA TBW and anthro-
pometric TBW. Each asterisk (*) may represent many more than one
individual.
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although the age, gender, and diabetes distributions were consis-
tent with national averages, African-American race was over-
represented in our sample. While the large number of African-
Americans might have resulted in an overestimate of the mean
TBW for all hemodialysis patients, it should not have affected the
derivation of our predictive equation. Finally, as with all anthro-
pometric indices that utilize weight as an adjustment for body size
(such as Quetelet's index, body surface area, ponderal index, and
others), the inclusion of "weight" without consideration of body
composition (muscle vs. fat vs. edema) will result in under- or
overestimation of TBW in some patients. This limitation may be
particularly important in persons with ESRD, given (1) extracel-
lular fluid retention due to impaired salt and water excretion, and
(2) diminished muscle mass secondary to limited exercise toler-
ance, insufficient dietary protein intake, and frequent catabolic
stresses (such as surgery, infection, dialysis itself) [16]. In spite of
these limitations, our equation should result in an accurate
estimation of TBW in the vast majority of hemodialysis patients.
It is also worth noting that the Watson and Hume-Weyer
formulae tend to underestimate TBW in hemodialysis patients.
This observation might be considered paradoxical, given the
well-recognized fact that patients on dialysis tend to develop
clinical complications of extracellular fluid overload (such as
peripheral, periorbital, and pulmonary edema). What has been
less well-recognized is the marked reduction in muscle mass (with
skeletal muscle being the largest reservoir of intracellular water)
seen in most hemodialysis patients, such that net TBW is substan-
tially lower than in other age- and gender-adjusted populations.
In the context of urea kinetic modeling, underestimation of
TBW using either the Watson or Hume-Weyer formula can result
in a marked overestimation of the prescribed dialysis dose. For
example, given a Kt of 50 liters and TBW of 40 liters, the actual
Kt/V is 1.20. If TBW is estimated at 38 liters, the prescribed Kt/V
is calculated at 1.32; if TBW is estimated at 36 liters, the
prescribed Kt/V is calculated at 1.39.
In summary, a population specific regression equation provides
superior prediction of TBW in hemodialysis patients. The use of
formulae developed and validated in non-uremic populations may
result in underestimates of TBW, and potentially, overestimates
of dialysis dose approximated by the clearance-time to TBW ratio
(Kt/V).
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